þ -glutamate transporter of Escherichia coli was engineered. The two halfgenes encoding the two domains were placed in a single operon in both orders (GltS split ), and the split genes were fused in the reverse order compared to the original protein (GltS swap ). The transporter halves were produced and shown to be active in Na þ -coupled glutamate transport. GltS swap was as active as the original transporter provided that the domains were connected by a linker of the same size that connected them in the original transporter.
Many membrane proteins consist of two domains that share a similar fold. A plausible model for the evolution of two-domain membrane proteins with an internal repeat involves duplication of a primordial gene followed by fusion, thus resulting in a single gene encoding a protein with two homologous domains (1, 2) ( Figure 1 ). Alternatively, the duplication and fusion steps proceed in a single step ("in gene" duplication) (3) . The two domains have the same (parallel) or opposite (antiparallel) orientation in the membrane corresponding to an even or odd number of transmembrane segments (TMS) per domain, respectively. To account for the antiparallel orientation of the two domains, the ancestral membrane protein is hypothesized to be "dual topology"; i.e., it inserts with a random orientation into the membrane. Following duplication, the two dual topology proteins would adopt fixed but opposite orientations by genetic drift, resulting in the introduction of positively charged amino acid residues in cytoplasmic loops (positive-inside rule) (4). The first gene on the chromosome may encode one orientation or the other; at the protein level, this has no consequences for the antiparallel heterodimer that is formed. However, in the fused state, this results in two different proteins with the N-terminus either inside or outside the cell (Figure 1) . Therefore, the evolutionary pathway has two outcomes representing proteins that differ in the order of the two domains in the primary structure. In the course of evolution, one of these outcomes will be selected at random or because of a selective advantage.
GltS of Escherichia coli transports glutamate in symport with Na þ ions (5, 6) and is a member of the bacterial ESS family [glutamate:Na þ symporter, TC 2.A.27 (7)]. The transporter is active as a homodimer (8) . Structural models of the monomeric subunit reveal an antiparallel two-domain structure (9, 10) .
Each domain consists of five TMSs, and between the fourth and fifth TMS so-called reentrant loops that are believed to be crucial in the translocation mechanism ( Figure S1 of the Supporting Information). The N-terminus of the first domain (N domain) is located in the periplasm. A set of gltS genetic constructs was engineered that correspond to different evolutionary states in the pathway presented in Figure 1 with the aim of redirecting the pathway to the alternative outcome. First, the protein was taken back one step in evolution by splitting the gltS gene in half and constructing two artificial operons containing the genes encoding the N and C domains in both orders [GltS split ( Figure S1 )]. Next, a set of genes encoding swapped GltS proteins (GltS swap ) was constructed by fusing the two half-genes in the reverse order. Presumably, GltS swap has the N-terminus of the first domain (C domain) in the cytoplasm.
The half-proteins of GltS split corresponding to the N and C domains were engineered with N-terminal His tags allowing purification by Ni 2þ -NTA affinity chromatography. Expression of the proteins in E. coli DH5R followed by purification from the membrane fraction showed two bands on SDS-PAGE with very similar mobilities (Figure 2A, left) . The apparent molecular masses were 17-18 kDa, strongly suggesting that they corresponded to the N domain (201 residues) and C domain (200 residues). Mass spectrometry analysis of the bands confirmed that the upper band corresponded to the N domain and the lower band to the C domain. The order of the two half-genes in the artificial operons did not seem to affect the expression levels significantly.
The split versions of GltS were tested for their ability to accumulate L-[ 14 C]glutamate in right-side-out (RSO) membrane vesicles prepared from the same E. coli cells. Glutamate uptake was assessed in the presence of a proton motive force that was generated using the artificial ascorbate/PMS electron donor system. Membrane vesicles prepared from the host cells contain a basal level of glutamate transport activity due to endogenous glutamate transporters encoded on the chromosome [ Figure 2B (b)]. RSO membranes containing wild-type GltS exhibited an activity that was approximately 5 times higher than the background activity ([). Irrespective of the order of the two halfgenes in the split gltS constructs, RSO membranes prepared from cells coexpressing the two domains retained ∼40% uptake activity of membranes containing the wild-type version of GltS (2 and O). It follows that GltS split , expressed from an artificial operon encoding the two domains as separate proteins, is stably expressed and actively accumulates glutamate in RSO membranes.
Three versions of GltS swap ( Figure S1 ) were constructed that differed in the length of the linker that connects the C-terminus of the C domain and the N-terminus of the N domain (Table T1 of the Supporting Information). The linkers consisted of just two serine residues (SS), 12 residues (SSGSGSGSGSGS), or 19 residues (SSGSGSGSGSGSGSGGSGS). All three versions of GltS swap were extended with an N-terminal His tag.
Wild-type GltS purified by Ni 2þ -NTA affinity chromatography migrates as a single band with an apparent molecular mass of 35 kDa on SDS-PAGE (Figure 2A, right) (8) . Following purification using the same protocol, no protein product of the expected size was observed for the GltS swap version with the shortest linker of two Ser residues (not shown). In agreement, RSO membrane vesicles derived from cells harboring the construct showed glutamate uptake activity corresponding to the background level (not shown). It follows that this version of GltS swap is not stably assembled in the membrane. In contrast, the GltS swap versions with 12-and 19-residue linkers resulted in clear protein bands on SDS-PAGE with apparent molecular masses slightly larger than that of wild-type GltS, in line with the additional mass introduced by the linkers (Figure 2A, right) . Remarkably, only the version with the 19-residue linker was active in Na þ -glutamate symport activity in RSO membranes [ Figure 2B (9) ], while the version with the 12-residue linker resulted in uptake levels similar to those observed for the control cells (0). The activity of the version with the 19-residue linker was comparable to the activity observed for wild-type GltS ([).
GltS was shown previously to be a dimeric protein (8) . Treatment of the purified GltS swap variants with the 12-and 19-residue linkers with the unspecific cross-linker glutaraldehyde followed by analysis by SDS-PAGE resulted in the disappearance of the 35 and 36 kDa bands, respectively, and at the same time, a new, somewhat fuzzy, band appeared running at approximately double the mass ( Figure 3A,B) . A small fraction of the protein did not enter the gel to any significant extent, suggesting some aggregation in the protein preparation. Treatment with glutaraldehyde in the presence of SDS prevented cross-linking of the proteins, showing that cross-linking was the result of formation of a complex rather than random collisions. The same fuzziness of the monomeric protein band suggested that it is due to random labeling of the GltS protein molecules with glutaraldehyde. The results indicate that even though GltS swap with the 12-residue linker was not active in Na þ -coupled glutamate transport, the protein still formed a dimeric complex.
Apparently, there is a threshold distance between the C-terminus of the first domain and the N-terminus of the second domain above which stable assembly in the membrane occurs. A linker of two residues resulted in complete degradation of the polypeptide chain, suggesting conformational stress and misfolding. Twelve residues in the linker would be above the threshold and resulted in a stable dimeric complex in the membrane (Figure 3) . However, the complex was not active. Activity was observed when the linker was increased in length to 19 residues. The latter suggests that turnover of the complex involves intersubunit movement and that the 12-linker version is locked in one catalytic state of the protein.
GltS of E. coli is a member of the ESS family [glutamate:Na þ symporter, TC 2.A.27 (7)] that is believed to share the antiparallel two-domain structure with 32 other families in structural class ST [3] of the MemGen classification (11) (12) (13) . Sequence analysis showed that in all but one family, [st312]NhaC (TC 2.A.35), the N-terminus of the N domain is at the external face of the membrane and the N-terminus of the C domain in the cytoplasm (11) . The high frequency of one particular order of the domains suggests an evolutionary advantage for this organization, or alternatively, the families originate all from a single ancient duplication event before diversification into the different gene families occurred. Arguing against a single duplication event, an analysis of the DUF606 family, a family of membrane proteins in which different evolutionary states depicted in Figure 1 are found in current members, demonstrated that duplication events within one family are quite frequent (3) . In this study, we demonstrate that changing the order of the domains in an antiparallel twodomain membrane protein that is at the end of its evolution with respect to the orientation in the membrane does not significantly affect its biogenesis and function. GltS swap is produced by the cells, inserted into the membrane, and is equally active in ion-coupled solute transport. The only condition appears to be that the linker connecting the two domains be of approximately the same length as the linker in the original protein. Evolution toward the same domain order in almost all families sharing this structural organization must be driven by less pronounced features that nevertheless are important on an evolutionary time scale. Possibly, the cellular disposition of the connecting loop in the cytoplasm or exposed to the hazardous external medium may have played a role. At any rate, this study demonstrates that genetic engineering allows for the reconstruction of evolutionary pathways and that evolutionary pathways can be manipulated.
